A comparative study of H2 photoproduction by chloroplasts and solubilized chlorophyll was performed in the presence of hydrogenase preparations of Clostridim butyriewm. The photoproduction of H2 by chloroplasts in the absence of exogenous electron donors, and with irreversibly oxidized dithiothreitol and cysteine, is thought to be limited by a cyclic transport of electrons wherein methylviologen short-circuits the electron transport in photosystem L. The To determine the mechanism and the conditions for effective H2 photoproduction, we undertook a comparative study of H2 evolution by chloroplasts and solubilized Chl in the presence of hydrogenase preparations from Clostridium butyricum.
electrons wherein methylviologen short-circuits the electron transport in photosystem L. The efficiency of H2 photoproduction by chloroplasts with ascorbate and NADPH is limited by a back reaction between light-reduced methylviologen and the oxidized electron donors. The use of a combination of electron donors (dithiothreitol and ascorbate), providing anaerobiosis without damage to chloroplasts, makes it possible to avoid consumption of reduced methylviologen for the reduction of oxidized electron donors and to exclude the short-circuiting ofelectron transfer. Under these conditions, photoproduction of H2 was observed to occur with a rate of 350 to 400 micromoles H2 per milligram chlorophyll per hour. In this case, the full electron-transferring capability of photosystem I (measured by irreversible photoreduction of methyl red or 02) is used to produce H2.
After the discovery of H2 photoproduction by unicellular algae (7) , the phenomenon was further investigated in more simple model systems. Amnon et al. (1) observed the photoproduction of H2 when chloroplasts were coupled to bacterial hydrogenase and cysteine was used as electron donor. Ben-Amotz and Gibbs (3) described H2 photoproduction in a similar system with DTT as the electron donor. Benemann et al. (4) observed the photoproduction of H2 by spinach chloroplasts, bacterial ferredoxin, and hydrogenase in the absence of exogenous electron donors with a rate of 1.7 ,umol H2/mg Chl.h. The low efficiency of the system was thought to be due to the light-produced 02, which oxidized the light-reduced ferredoxin and inactivated the hydrogenase. Similar results were reported for pea chloroplasts (5) . By using 02 (glucose, glucose oxidase) and H202 (ethanol, catalase) trapping systems, Rao et al. (14) observed H2 photoproduction by spinach chloroplasts supplemented with spinach ferredoxin and an Escherichia coli homogenate (as source of hydrogenase) for about 6 h at the rate of 10 Iumol H2/mg Chl-h. Fry et al. (6) observed photoproduction of H2 by spinach chloroplasts, ferredoxin, and hydrogenase for about 20 h by introducing serum albumin in the reaction mixture. They suggested that H2 production was inhibited by inactivation of PS II, and the reaction rate was limited by coupling of chloroplasts with hydrogenase. In a later report (12) , the reaction rate was shown to diminish due to oxidation of reduced ferredoxin by the 02 produced. Rao et al. (13) (11) that the efficiency of MV photoreduction by chloroplasts was actually related to the efficiency of cyclic electron flow. Previously (9), H2 photoproduction by pea chloroplasts with hydrogenase and MV in the presence of NADH had been observed, and a possibility of H2 photoproduction in a simple model system, e.g. solubilized Chl in the presence of bacterial hydrogenase, electron donors, and MV (for review, see ref. 10) , had been discovered.
To determine the mechanism and the conditions for effective H2 photoproduction, we undertook a comparative study of H2 evolution by chloroplasts and solubilized Chl in the presence of hydrogenase preparations from Clostridium butyricum.
EXPERIMENTAL PROCEDURES
Chloroplasts were prepared from 2-week-old pea seedlings of the 'Pobeditel' variety, by the procedure of Walker (15) , in the following medium: 0.5 M sucrose, 35 mm NaCl, 2 mM MgCl2, 50 mM phosphate buffer (pH 7.0). The chloroplasts were used immediately or after storage in 50%o glycerin at -70 C. Before use, the chloroplasts were diluted in the above medium without sucrose.
C. butyricum was grown as described by Azova et al. (2) . To prepare homogenates, 2 g cells frozen in liquid N2 were ground in a mortar with quartz sand in 10 ml phosphate buffer (pH 7.0), previously boiled and cooled. The suspension was incubated for 30 min at 4 C under argon, followed by centrifugation at 12,500g.
The homogenate was frozen and stored at -70 C under H2.
Partially purified preparations of hydrogenase were produced by fractionation with (NH4)2SO4 and chromatography on Sephadex G-25.
Rates of H2 production (16) or of 02 changes were measured amperometrically with a Teflon-coated platinum electrode. Reaction mixtures were stirred magnetically and illuminated with light wave lengths of 600 to 800 nm. The light intensity was usually about 5 x 105 erg/cm2. s and was adjusted with a neutral light filter. For H2 production, anaerobic conditions were provided as described earlier (9) . Argon was bubbled through the reacting mixture (4 ml) in a Drechsel bottle and streamed over the concentrated suspension of chloroplasts or solubilized Chl (0.1 ml) in the polarographic cell. Thus, anaerobic conditions were provided without bubbling gas through the chloroplast suspension which causes inactivation. After a 5-min argon streaming, about 0.1 to 0.3 ml hydrogenase preparation was introduced in the cell. Then 10 tM PCMU, chloroplasts containing 52 ,ug Chl (13 jig/ml), and 0.2 ml hydrogenase preparation. The 4-ml Chl reaction mixture (2) consisted of 50 mm phosphate buffer (pH 7.0), 80 ,ug/Chl (20 jg/ml) and 0.2 ml hydrogenase preparation. Anaerobic conditions were provided as described under "Experimental procedures." H2 production was measured amperometrically.
electron donors. In this case, the reaction proceeded only via PS I. To inhibit PS II, 10 AM DCMU was added to the reaction mixture.
The chloroplasts with hydrogenase and electron donors produced H2 slowly. When MV was added, the reaction rate increased, and reached a maximum at 50 IsM MV (Fig. 1) . A further increase in MV concentration diminished the rate of H2 production, but not that of MV reduction which remained constant. Such a dependence of H2 photoproduction by chloroplasts on MV concentration has been described (8) .
H2 photoproduction with DTT and cysteine was saturated when the light intensity was about 50%o of that saturating the Hill reaction with ferricyanide performed under the same conditions (Fig. 2) .
The rate of H2 photoproduction by chloroplasts with DTT was maximal at about pH 7 (Fig. 3) . This optimum seems to reflect that of hydrogenase activity since the maximal photoreduction of MV by the chloroplasts with the same electron donor occurs at pH 8.5 (Fig. 3) .
The photoproduction of H2 in the presence of 20 mm DTT or with 50 mm cysteine was activated about 2.5-fold by NH4Cl or methylamine (data not shown). Photoreduction of MV was also activated by these uncouplers.
Nature of Electron Donors. A prolonged photoproduction of H2 with DTT and cysteine was observed (Fig. 4) . With NADPH, the reaction proceeded only for 3 to 4 min, which seemed to be due to oxidation of reduced MV by NADP+ formed in the presence of ferredoxin-NADPH-reductase of chloroplast preparations (Fig. 4, curve 3 ). This is confirmed by inhibition of H2 photoproduction and MV photoreduction by chloroplasts with DTT when adding 1 mm NADP+. Previously, Rao et al. (14) noted that the addition of NADP+ inhibited the photoproduction of H2 and Chl in Triton X-100 solution (3 and 4) with 50 mM DTT (I and 3) and 0.1 M cysteine (2 and 4). Chl content: 10 ,g/ml in chloroplast suspension, 15 ,ug/ml in Chl solution; 100o light intensity corresponds to 8.10' erg/ by chloroplasts.
The rate of H2 production showed a steep dependence on the concentration of the electron donor (Fig. 5) 5.5 p1 H2/mg Chl * h. These treatments inhibited the photoproduction of H2 and photoreduction of MV by chloroplasts with DTT (Figs. 6 and 7) but did not affect the rate of methyl red reduction (Fig.  6 ). Previously, it was shown that 02 photoabsorption by chloroplasts did not actually change after bubbling argon through a chloroplast suspension (I 1).
To clarify the mechanism of H2 photoproduction, photoproduction of H2 by solubilized Chl, i.e. in the absence of the organized electron transfer chain, was investigated.
PHOTOPRODUCTION OF HYDROGEN IN CHL SOLUTIONS
Illumination of a colloidal solution of Chl in phosphate buffer with hydrogenase, MV, and DTT without a detergent did not lead to H2 photoproduction. The addition of Triton X-100 resulted in the photoproduction of H2. The reaction rate was enhanced with increase in the detergent concentration and was saturated at 0.7% Triton (Fig. 7) in a H20 solution.
In the absence of MV, H2 photoproduction in the Chl solution was not observed. The reaction required MV, with maximal rates obtained at 20 ,UM ( Fig. 1) and no inhibition by excess MV.
Unlike the chloroplasts, the photoproduction of H2 by solubilized Chl with DTT or cysteine does not saturate in the range of light intensities studied (Fig. 2) .
The maximal photoproduction of H2 sensitized by Chl is observed at pH 7 (cf. chloroplasts), ie. it depends on the hydrogenase activity. In an alkaline medium, the reaction is inhibited to the same extent as are the chloroplasts and, in the acid medium, the system with Chl is more stable (Fig. 3) . For comparison, Figure 3 shows the pH dependence of MV photoreduction on Chl.
With DTT, cysteine, and NADPH, a prolonged H2 evolution in
Chl solutions with 0.7% Triton X-100 was observed. The reaction was saturated at 50 mm electron donors (Fig. 5) . The most effective (Fig. 4) . With all electron donors, 02 photoabsorption in the chlorophyll solution in the detergent is considerably faster than is H2 photoproduction (Table III) . This seems to be due to the reversibility of MV photoreduction by Chl under anaerobic conditions.
DISCUSSION
The results presented here allow a better understanding of some parameters controlling the efficiency of H2 photoproduction by chloroplasts coupled to a bacterial hydrogenase.
In the absence of an exogenous electron carrier, the photoproduction of H2 is limited by a link which coupled chloroplasts to hydrogenase. Unlike the Chl solutions, the chloroplasts are capable of H2 evolution without MV. Perhaps in this case, the hydrogenase interacts with endogenous ferredoxin. However, MV, which transfers electrons from the chloroplasts to the hydrogenase, considerably increased the reaction rate (Fig. 1) .
Previously, the photoreduction of MV by chloroplasts without exogenous electron donors was studied (11) . The process was shown to be inhibited by a competing cyclic electron flow through MV around PSI. The photoproduction of H2, as well as the photoreduction of MV, is inhibited by DCMU, low concentrations of detergent, and bubbling of the inert gas through the suspension of the chloroplasts and is activated by the uncouplers of photophosphorylation. The results presented here indicate the expected similarities between H2 photoproduction and MV photoreduction by chloroplasts.
Hoffman et al. (8) suggested that H2 evolution by the chloroplasts with electron donors should be limited by the cyclic electron transport. The results presented here confirm that assumption. 02 photoabsorption or methyl red photoreduction by chloroplasts with DTT or cysteine proceeded without a cyclic transport of electrons due to irreversibility of the reduction of the electron acceptor and so had a considerably higher rate than that of H2 evolution and MV photoreduction (Tables I and II ). The effect of cyclic electron transport is also indicated by inhibition of these reactions by low concentrations of the detergent (Fig. 7) or the bubbling of inert gas through the chloroplast suspension (Fig. 6 ), which probably increase the permeability of chloroplast membranes for the MV. It should be emphasized that the described processes do not influence the irreversible photoreduction of methyl red by the chloroplasts. The diminishing of H2 evolution at MV concentrations above 50 Mm may be explained by an increase in the cyclic transport of electrons (Fig. 1) . When using reversibly oxidized electron donors, H2 evolution by chloroplasts may be decreased by competition from both cyclic electron transport and a back reaction between reduced MV and the oxidized electron donor. For these reasons, the photoproduction of H2 with ascorbate as donor proceeds at a low rate. When NADPH is used as electron donor with chloroplasts, but not with the Chl solutions, H2 evolution stops much sooner than in the case of DTT or the cysteine (Fig. 4) . This is probably due to the fact that NADH undergoes reversible oxidation, for the reason already given here.
Thus, we also came to the conclusion that the H2 photoproduction by the chloroplast-hydrogenase system is limited mainly by a cyclic transport of electrons around PSI and including MV. Without exogenous electron donors, i.e. when H20 serves as the electron donor, MV evidently short-circuits the electron transport, being able to reduce electron carriers located between PSII and I, e.g. plastoquinone, plastocyanine etc. (Fig. 8) . In this case, H2 production occurs at a low rate (-1 .tmol H2/mg Chl h). When soluble ferredoxin is used as the chloroplast-hydrogenase electron 120 1/2°2 14 FIG. 8 . Hypothetic scheme of electron transport at H2 photoproduction by chloroplasts in the presence of bacterial hydrogenase. Q, PS II acceptor; PQ, plastoquinone; Cyt, cyt f; PC, plastocyanine, P700, photochemically active form of Chl PSI; X, PSI acceptor. Asc, sodium ascorbate; Cys, cysteine. (---) , short-circuiting of electron transport chain through MV.
carrier, H2 photoproduction occurs at a much higher rate (6, (12) (13) (14) . In this case, only a part of the electron-transport capacity of the chloroplasts is realized. Perhaps cyclic transport of electrons through the ferredoxin limits H2 evolution by chloroplasts.
The exogenous electron donors probably reduce the electron carriers located between the photosystems and, thereby, decrease or totally inhibit the cyclic transport of electrons (Fig. 8) . Cysteine DTT, at more than 10 mm concentrations, seem to donate the electrons at the level of plastocyanine. This is indicated by the lack of activation of 02 photoabsorption and methyl red photoreduction by the chloroplasts with the donors when the system is supplemented with DCPIP or TMPD. In H2 photoproduction, the reduced MV competes with cysteine and DTT for the reduction of plastocyanine or reduces p,7o. Here, H2 photoproduction by chloroplasts with rates of 350 to 400 ,umol/mg Chl h was observed by using the combination of electron donors (50 mm sodium ascorbate and 50 mm DTT), the 02 being withdrawn from the suspension by a procedure of "separate" argon blowing through.
Here, the reaction rate is close to the rate of irreversible photoreduction of the methyl red (Table II) , which indicates an actual absence of the cyclic transport of electrons in this case. The cyclic transport of electrons is inhibited, most likely, because the combination of electron donors used causes an efficient reduction of electron transfer chain components located between PSI and PSII.
